Background Cachexia is a systemic syndrome leading to body wasting, systemic inflammation, and to metabolic chaos. It is a progressive condition, and little is known about its dynamics. Detection of the early signs of the disease may lead to the attenuation of the associated symptoms. The white adipose tissue is an organ with endocrine functions, capable of synthesising and secreting a plethora of proteins, including cytokines, chemokines, and adipokines. It is well established that different adipose tissue depots demonstrate heterogeneous responses to physiological and pathological stimuli. The present study aimed at providing insight into adipocyte involvement in inflammation along the progression of cachexia.
Background
Cancer cachexia is a syndrome with complex aetiology, 1, 2 which affects up to 80% of patients with advanced cancer. [3] [4] [5] It is associated with diminished expected effects of chemotherapy and radiotherapy treatment, compromised life quality, and decreased survival. 3, [5] [6] [7] [8] The main symptoms include marked decrease in body weight, with depletion of both white adipose tissue (WAT) and skeletal muscle, profound metabolic disruption, reduction of appetite, hypoalbuminemia and systemic inflammation. 9, 10 This syndrome has been recently proposed to comprise at least three stages: the first is associated with metabolic change and with weight loss (<5%), while in the second stage, a 5% decrease of body mass is consistently reported, along with systemic inflammation and anorexia. In the last stage, patients are no longer responsive to anticancer treatment, and the expected survival does not exceed 3 months. 10 There is current evidence pointing out WAT as an important contributor to cachexia. 11, 12 WAT biology is impaired both in human cachexia and in animal models, and it is suggested that WAT alterations precede muscle wasting. 11, 13 Therefore, WAT is not only a 'victim' of the syndrome, it is also a relevant player, actively synthesizing a plethora of pro-inflammatory cytokines, 14 which take part in contributing to systemic inflammation.
White adipose tissue is composed of different cellular elements, among which resident and infiltrated immune cells. 15 In addition, the proportion of the stromal vascular fraction, as well as the biology of the adipocyte, are subject to diversity according to anatomical variation, regarding vascularization and innervation of the pad. [16] [17] [18] [19] This implies that the response of different depots is heterogeneous under different physiopathological conditions, 20, 21 as reported in obesity. 17, 22 Previous studies of our group (Seelaender et al., 1996 23 ) have reported differences in visceral WAT depots in concern to the morphology and biochemical characteristics of adipocytes in the Walker 256 animal model of cancer cachexia.
Given these considerations, we presently sought to examine whether the adipose cell participates in the establishment of whole adipose tissue inflammation and to address the hypothesis that adipocytes obtained from different anatomical fat depots behave heterogeneously during the progression of cachexia. For that purpose, we studied three pads at three time points [prior to tumour cell injection-T0; and 7 (T7) or 14 days (T14) post-inoculation]. These time points, although not necessarily bearing correspondence with the three stages proposed for cachectic patients (Fearon et al., 2011 10 ), were chosen as to provide insight on the dynamics of inflammation in WAT.
One of the main inflammatory pathways in mammalian cells is that of the nuclear factor of kappa light polypeptide gene enhancer in B-cells (NF-κB). NF-κB is composed of subunits p50, p105, p52, p100, and p65, which induce gene expression by binding to DNA target sites. 18, 24, 25 Studies with obese patients showed an increased activity of the NF-κB pathway in the adipose tissue and, consequently, of local inflammation. 26 The inflammasome pathway has also been similarly described as having an important role in the inflammation of adipose tissue in obesity. 22, 27, 28 Its major role is to activate the pro-inflammatory cytokines IL-1β and IL-18, which are synthesized as immature proteins and require the inflammasome pathway for cleavage and release, yielding the mature, biologically active cytokine forms. [29] [30] [31] The pathway comprises two compartments: the (nucleotide-binding oligomerization domain) (NOD)-like receptor (NLR) family (NLRP1, NLRP2, NLRP3, NLRP6, NLRC4, and NLRP12), and the pyrin and HIN200 (haematopoietic interferon-inducible nuclear antigens) domain-containing protein (PYHIN) family. 27, 32 To the best of our knowledge, there is no study in the literature reporting a possible contribution of this pathway to the enhanced inflammatory cytokine secretion by the adipose tissue in cachexia.
Therefore, a third aim of the present study was to investigate the pathways associated with adipocyte inflammation and their activation along the aggravation of the syndrome.
Materials and methods

Animals
Male adult Wistar rats (160-250 g), obtained from the Institute of Biomedical Sciences, University of São Paulo, were maintained in metabolic cages, under a 12 h light/12 h dark cycle (lights on at 7:00 a.m.), and controlled temperature conditions (23 ± 1°C), receiving water and food (commercial chow; Nuvilab, Nuvital, Brazil) ad libitum. The Biomedical Sciences Institute/USP Ethical Committee for Animal Research approved all the adopted procedures (050/102 ECAR), which were carried out in accordance with the ethical principles stated by the Brazilian College of Animal Experimentation. The experiments were performed as a time course study, and the rats were killed by decapitation on Days 0, 7, and 14 following subcutaneous injection of a suspension of Walker 256 tumour (2 × 10 7 ) cells, 33 or of the same volume of Phosphate-buffered saline (n = 5 group); after 12 h fast, always in the interval between 8:00 and 11:00 a.m. The following groups were studied: T0 (rats euthanized on the day on which T7 and T14 were injected with the tumour cells), T7 (rats euthanized 7 days after tumour cell injection), and T14 (rats euthanized 14 days after tumour cell injection). Additional groups of non-tumour-bearing animals (C) were included, as a control for body and tissue weight on Days 7 (C7) and 14 (C14).
Blood samples and adipose tissue collection
Approximately 8 mL of blood were collected. In brief, samples were centrifuged at 500 g at 4°C for 15 min, and serum was stored at À80°C. Epididymal adipose tissue (EAT), retroperitoneal adipose tissue, (RPAT), and mesenteric adipose tissue (MEAT) (after careful removal of adjacent lymph nodes) were removed, weighed, snap frozen in liquid nitrogen, and stored at À80°C.
Serum analysis
All serum analyses were performed with commercial kits: total cholesterol, triglycerides (TG), and high-density lipoprotein (Labtest®, Brazil); free glycerol (Sigma-Aldrich, Switzerland); and non-esterified fatty acids (Wako Chemicals, USA).
Adipose cell isolation
The different visceral adipose tissue pads were excised and washed in sterile saline (0.9% NaCl). The samples (0.8 g) were placed immediately in digestion buffer (DMEM Sigma-D5671), 5% BSA, and 2 mg/mL type I collagenase (Lifetechnologies 17100-017), and digested for 60 min, at 37°C. The resulting suspension was then filtered through a sterile 250 μm nylon mesh and the mature adipocytes [mesenteric adipocytes (MEa), retroperitoneal adipocytes (RPa), and epididymal adipocytes (Ea)], obtained from the supernatant. The cells were washed twice with sterile 0.9% NaCl and stored at À80°C for mRNA and protein analysis. 
Real-time PCR
White adipose tissue adipokine levels
Rat WAT (0.4-0.7 g) was homogenized in RIPA buffer (0.625% Nonidet P-40, 0.625% sodium deoxycholate, 6.25 mM sodium phosphate, and 1 mM ethylene-diaminetetraacetic acid, at pH 7.4), containing a protease inhibitor-cocktail (Roche®, Brazil).
Homogenates were centrifuged at 12 000 g for 30 min at 4°C; the supernatant was collected, and protein concentration was determined with a commercial kit (Bio-Rad, CA, USA).
Total adipose tissue protein extracts were employed for the quantitative assessment by enzyme-linked immunosorbent assay (DuoSet ELISA, R&D Systems, MN, USA) of IL-6 (DY506), TNF-α (DY510), IL-10 (DY522), and IL-1β (DY501). The IL-6 assay sensitivity was found to be 8.000 pg/mL in the range of 125-8000 pg/mL. For TNF-α, IL-10, and IL-1β, the assay sensitivity was found to be 4.000 pg/mL in the range of 62.5-4000 pg/mL. All samples were assayed as duplicates, and the mean value was reported. The results were equalized to total protein.
Western blotting
Frozen adipose tissue and adipocytes were homogenized in Radioimmunoprecipitation assay (RIPA) buffer (0.625% Nonidet P-40, 0.625% sodium deoxycholate, 6.25 mM sodium phosphate, and 1 mM ethylene-diaminetetraacetic acid at pH 7.4 with proteinase) and phosphatase inhibitors (Roche®, Brazil) and centrifuged at 15 000 g for 30 min at 4°C. The protein-rich fraction (intermediary layer) was collected and centrifuged at 12 000 g for 10 min at 4°C, the supernatant (fatty layer) was discarded, and the infranatant was collected. Protein concentration was determined with a BCA protein quantification kit (Pierce, IL, USA), with Bovine serum albumin (BSA) as a reference. Samples containing 30 μg protein were separated by electrophoresis in 10% Tricine SDS-PAGE. Proteins were then transferred to PVDF membranes at 25 V for 40 min (Trans-Blot Turbo Blotting System, Bio-Rad) in transfer buffer, consisting of 20 mM Tris, 150 mM Glycine, and 10% Methanol. PVDF membranes were then blocked in TBS containing 0.1% Tween 20 and 5% skimmed milk, for 1 h. After three washes with TBS plus 0.1% Tween 20, the PVDF membranes were incubated with primary antibodies against IL-1β (Santa Cruz, SC-1251, Goat), p65 (Cell signalling, C22B4, Rabbit), Myd88 (Santa Cruz, SC-11356), TNFr1 (Santa Cruz, SC-1070, Mouse), p50 (Santa Cruz, SC-8414), GAPDH (Sigma, G9545, Rabbit). HRP-conjugated secondary antibody anti-rabbit and 
Statistical analysis
Data are expressed as mean values and standard errors of the means. Differences concerning the studied groups (T0, T7, and T14) were analysed with GraphPad5 software (GraphPad, San Diego, CA, USA), and statistical significance was determined performing one-way ANOVA with post hoc Tukey's test, for comparison among groups, for each different adipose pad.
Comparison among pads was not performed. For the results regarding body and tissue mass in Cachectic (T0, T7, and T14) and control (C7 and C14) animals, we employed ANOVA two-way, followed by Tukey's post-test. P < 0.05 was considered significant.
Results
Fourteen days after tumour cell injection, experimental cancer cachexia induced a reduction in body weight (10.6%; P < 0.05) and in WAT mass (42.5% in MEAT and 40.2% in RPAT; P < 0.05) ( Table 2) , compared with animals of the control group. Terminal cachexia (T14) was accompanied by increased concentrations of non-esterified fatty acid, highdensity lipoprotein, and triglycerides in the plasma (Table 3) .
White adipose tissue inflammation in experimental cancer cachexia
Mesenteric adipose tissue
In MEAT, increased tumour necrosis factor alpha (TNF-α) gene expression was found in T7 and in T14 (23.7 and 16.5-fold, respectively; P < 0.05) ( Figure 1B ), as compared with T0. Interleukin 1b (IL-1β) protein content was increased (5.7-fold; P < 0.05) in T14 ( Figure 2G ) in relation to T0.
Retroperitoneal adipose tissue
Changes in pro-inflammatory cytokine gene expression in this pad could only be detected at the end stage (T14) of cachexia, when Interleukin 6 (IL-6) and TNF-α (P < 0.05) ( Figure 1A ,B) mRNA levels were increased. Protein expression, on the other hand, was similar to the patterns found in MEAT, as IL1β protein expression was higher in RPAT in T14 (10.0-fold; P < 0.05) ( Figure 2G ). Interleukin 10, the only anti-inflammatory cytokine examined, showed increased gene expression in T14, despite no significant modification of protein content of the cytokine in this depot.
Epididymal adipose tissue
In this fat pad, pro-inflammatory cytokine mRNA expression (IL-6 and TNF-α) was increased only in T14 (P < 0.05) ( Figure 1A,B) . Protein expression of TNF-α and IL-1β was also increased in T14 (3.7-fold and 2.03-fold, respectively; P < 0.05) ( Figure 1E ,G), when compared with T0. The gene expression of IL-10 was found to be increased in T7 (P < 0.05), and an even more conspicuous increment was observed in T14 (P < 0.01), in relation to both T0 and T7.
White adipose tissue cells inflammation in experimental cancer cachexia
As WAT is composed of various cells types, each potentially contributing to inflammation, we investigated whether Values are expressed as mean ± standard error of the mean n = 5. Note: BM-T, body mass-tumour mass; C, control; EAT, epididymal adipose tissue; MEAT, mesenteric adipose tissue; ns, not significant; RPAT, retroperitoneal adipose tissue; T, cancer cachexia; TM, tumour mass. adipocytes per se would be relevant to local and, possibly, to systemic inflammation.
Mesenteric adipocytes
In the isolated adipocytes (MEa), gene expression was solely increased for TNF-α ( Figure 2B ), despite the observed increase in protein expression of all pro and anti-inflammatory proteins in advanced cachexia (T14) in this pad ( Figure 2D-G) . IL-1β protein content increased in a similar proportion to that found in the whole mesenteric adipose depot. We thus speculate that the increase in the expression of other cytokines was insufficient to affect whole tissue values.
Retroperitoneal adipocytes
In the adipocytes isolated from the retroperitoneal pad (RPa), gene expression of TNF-α increased in T14 in comparison with T0 (P < 0.05) ( Figure 2B ). Such increase was parallel to the enhancement of gene expression levels found in whole retroperitoneal tissue in the same group (T14). It is possible that the higher values observed for IL-10 gene expression in T14 in RPa ( Figure 2C ) are a consequence of the increase of TNF-α gene expression in these cells. IL-1β content was found to be increased in whole RPAT, but not in RPa, and therefore, we postulate a possible contribution of the stromal vascular fraction, comprised by the non-adipocyte cellular components of the tissue. The high IL-6 and TNF-α ( Figure 2D ,E) protein content in adipocytes obtained from animals with terminal cachexia was not reflected in the whole tissue, even though gene expression was increased in T14, as compared with T0.
Epididymal adipocytes
In the cells isolated from this pad (Ea), we observed an increase in gene expression of TNF-α in T7, in relation to T0 Progressive adipocyte inflammation in cancer cachexia ( Figure 2B ). This might be the cause for the higher expression of all analysed cytokines we report in the adipocytes in terminal cachexia (T14) (Figure 2D -G) and bears correspondence with the enhanced content of TNF-α and IL-1β in the whole EAT. This tissue showed a progressive increase of IL-10 gene expression levels between T7 and T14, maybe in an attempt to counterbalance increasing inflammation.
Pathways related with the induction of pro-inflammatory cytokines in adipocytes
In MEa, all genes related with the studied transcription factors were increased in T14: nuclear factor kappa B subunits p50 (NF-κB p50) and p65(NF-κB p65) and Chuk conserved helixloop-helix ubiquitous kinase (Ikk-α) (P < 0.05) (Figure 3A-C) .
Toll-like receptor 2 (Tlr2) gene expression was up-regulated in the same group ( Figure 3E ), as well as myeloid differentiation primary response 88 (Myd88) and TNF receptor-associated factor 6 (Traf6) (Figure 3F,G) . All genes of the Tlr/NF-κB pathway were thus shown to be regulated by cachexia. With regard to protein expression, the results of NF-κB p65 and Myd88 paralleled the gene expression data, being increased only in terminal cachexia (T14) (P < 0.05) ( Figure 5B,C) .
Similarly to what was observed in MEa, the changes regarding TLRs/NF-κB pathway in RPa occurred solely at the final stage of cachexia when p50, p65, Ikk-α, TLR2, Myd88, and Traf6 gene expression was enhanced (P < 0.05) ( Figure 3A-D,  F,G) . However, in contrast with the protein expression results reported for MEa, p50 protein content increased, p65 protein content decreased, and Myd88 protein expression was unchanged in RPa in T14 (Figure 5A-C) . Epididymal adipocytes once again showed similarity with the results found for MEa: P50, p65, Ikk-α, TLR2, Myd88, and Traf6 gene expression increased in T14 (P < 0.05) ( Figure 3A-D,F,G) . TLR4 gene levels were increased already in T7 (Figure 3E ), while in T14, the levels were similar to T0. p50, p65, and Myd88 protein expression increased in terminal cachexia (T14) (Figure 5B-D) , in epididymal adipocytes.
Inflammasome pathway
In MEa, the expression of genes related with the activity of the inflammasome pathway was increased for the NLR family, pyrin domain containing 1 and 3 (NLRP1 and NLRP3), and Caspase 1 on Day 14 ( Figure 4A-C) . These results were accompanied by an increased cleavage of IL-1β to its active form ( Figure 5F ).
In RPa, only NLRP3 gene expression was higher in T14 ( Figure 4B ). In Ea, NLRP1, and NLRP3 gene expression increased in T14, as compared with T7 ( Figure 4A,B) ; however, we observed no changes in the content of cleaved IL-1β ( Figure 5F ).
Discussion
Cachexia is characterised by progressive loss of lean and adipose tissue, 5, 8 accompanied by disruption of the biochemical profile in association with pathological increase of proinflammatory cytokines in cancer patients and experimental models. 3, 9, 34 Cancer cachexia-associated chronic systemic inflammation presents a relevant contribution from the WAT, as we and others have previously shown.
14,34-38 Figure 3 Gene expression of transcription factors involved in pro-inflammatory pathways in isolated adipocytes along cachexia progression. Results are expressed as mean ± standard error of the mean (n = 4). Adipocytes isolated from adipose tissue were obtained from animals 0, 7, and 14 days after inoculation of tumour cells: *P < 0.01 vs. all the groups for the same tissue; # P < 0.05 vs. T0; **P < 0.01 vs. all the groups for the same 
Progressive adipocyte inflammation in cancer cachexia
Two main questions were addressed in the present study: (1) Is there heterogeneity regarding anatomical localization of WAT in concern to inflammation capacity during the progression of cachexia? and (2) What is the contribution of adipocytes per se to adipose tissue inflammation? To elucidate these aspects, we studied cachexia progression in the rodent Walker 256 carcinosarcoma model.
All the examined (mesenteric, retroperitoneal, and epididymal) fat pads showed increased gene expression of inflammatory cytokines in advanced cachexia (T14). Yet, only IL-1β protein content was consistently augmented in all the depots. TNF-α protein levels were shown to be higher solely in EAT of T14 animals. Adipose tissue depots from different anatomical regions show marked heterogeneity in microanatomical organization, metabolism, and physiological and molecular aspects. 16, 39 One such heterogeneity can also be noticed during cachexia, as we (Batista et al.) 20 have demonstrated that the subcutaneous adipose tissue of cancer patients responds in a precocious manner to the onset of the disease, with enhanced inflammatory cytokine secretion, as compared with the mesenteric depot.
Among rodent visceral depots, EAT is the one that responds more rapidly to cachexia by becoming inflamed. Therefore, it is clear that the different visceral adipose pads present distinct dynamics in response to the syndrome. Nevertheless, what is the contribution of the adipose cell per se in this scenario? WAT comprises several cell types, and studies carried out with obese patients report a great participation of infiltrating immune cells in triggering tissue inflammation. 12, 13, 17 Adipocytes isolated from RPAT displayed an antiinflammatory profile, with a high protein content of IL-10, and unaltered protein content of lL-1β in terminal cachexia. Thus, it appears that RPa attempts to counterbalance local inflammation caused by the high concentration of IL-1β protein, possibly synthesized by the stromal vascular fraction, as suggested by the high total tissue concentration of this cytokine in the depot. In contrast, isolated adipocytes from the mesenteric and epididymal pads showed a clear pro-inflammatory profile. Ea secretes cytokines already at an early stage, while MEa inflammation was found in advanced cachexia. However, adipocytes from both of these depots contribute consistently to local inflammation at the terminal phase of cachexia and may be relevant to the onset of systemic inflammation. Such differences confirm the heterogeneity of adipocytes obtained from particular depots; while MEa and Ea exhibited a progressive pro-inflammatory pattern, RPa increased the protein expression of IL-10. A recent study showed that different adipose pads derive from distinct embryonic origins. 40 We may thus suggest that perhaps, the heterogeneous response displayed by the isolated cells from the depots may be related with intrinsic diversity of these cells. After examining inflammatory cytokine production by cells from the different pads, we investigated the intracellular pathways that could be associated with the modulation of adipocyte inflammation. Firstly, we analysed the classic pathway in chronic inflammatory processes involving NF-κB. 41, 42 The literature provides detailed evidence that the NF-κB pathway in adipose tissue is modulated in obesity, 26, 43, 44 and the same signal route is suggested to be augmented in the adipose tissue of cachectic patients and animals. 14, 34 Our results confirm that increased pro-inflammatory cytokine content in the adipose tissue was accompanied by higher expression of transcription factors key proteins, such as NF-κB p65. Myd88 protein content Figure 5 Protein expression in isolated adipocytes along cachexia progression. Results are expressed as mean (n = 3) ± standard error of the mean. Adipocytes were isolated from adipose tissue obtained from animals 0, 7, and 14 days after inoculation of tumour cells: mesenteric adipose tissue (MEa), retroperitoneal adipose tissue (RPa), and epididymal adipose tissue (Ea) cells. (A) Blots were rearranged, and representative images were selected for p50, p65, Myd88, Il-1β (total and cleaved form), and GAPDH (normalized protein); (B-F) band intensity detection with software Image J. *P < 0.05 vs. all the groups for the same tissue; # P < 0.01 vs. T0; && P < 0.05 vs. T7.
Progressive adipocyte inflammation in cancer cachexia was increased both in MEa and Ea and, in both cell populations, associated with increased NF-κB protein expression. These findings indicate that the adipocyte NF-κB pathway is modulated during the progression of the syndrome, especially at its end point. In obesity, increased NF-κB activity has been attributed to infiltrating immune cells, rather than to adipocytes. [45] [46] [47] To our best knowledge, this is the first report of adipocyte NF-κB involvement in WAT inflammation in cachexia.
We report increased IL-1β protein content in all WAT pads and in two different isolated adipocyte populations. An increase of the cleaved, bioactive IL-1β form was found to be present only in MEa, while IL-1β content was high as a consequence of cachexia, in the whole adipose pads studied. IL-1β is one of the main targets of the inflammasome pathway. 31 Therefore, in addition to showing that the NF-κB pathway is modulated in the adipocytes of WAT during cachexia, the results indicate that cachexia was able to modulate the inflammasome pathway in the cells. In obesity, increased inflammasome activity is related with disease progress. The proteins NLRP 3 and Caspase 1 play an important role in this pathway. 32, 48 A study with a knockout model for NLRP 3 and Caspase 1 found the animals to be resistant to obesity after being submitted to a high-fat diet. These animals also showed improved insulin sensitivity after the high-fat diet protocol, as compared with controls. 49, 50 We believe we are the first to show a modulation of the inflammasome pathways in adipocytes during cachexia.
In summary, our results indicate a heterogeneous response of the different white adipocytes to cachexia and a role in the modulation of adipose tissue inflammation. While MEa and Ea show a clear pro-inflammatory response during the development of the syndrome, the inflammatory factors we found to be increased in cachexia in the retroperitoneal tissue are probably produced by the stromal vascular fraction. Additionally, we demonstrate, for the first time, that the inflammasome pathway may be involved in adipose inflammation in cancer cachexia. Taken together, the results suggest that the inflammasome pathway could be a target for pharmacological treatment in cachexia.
